Background
Dairy producers have been using commercially available yeast probiotics and their components as feed supplements for nearly two decades based on claims that these products will improve animal production, promote health, and reduce the need for antibiotic use. Studies demonstrate that supplementing the ruminant diet with specific strains of S. cerevisiae improves feed intake [1, 2] , weight gain [3] , and fiber digestion [4, 5] . It has also been reported that live yeast stabilizes rumen pH [6, 7] , and the number of anaerobic cellulolytic bacteria [8, 9] . In addition to having nutritional value, there is evidence that yeast probiotics and their components, such as mannan-oligosaccharides (MOS), can adhere to enteric pathogens including Campylobacter jejuni [10] , Escherichia coli serotypes (O2 and O88) [11] , and Salmonella [12, 13] , thereby reducing their ability to attach to and invade host cells [14] . Given these properties, it is possible that dietary supplementation with yeast probiotics and/or their components may help protect calves that are vulnerable to Johne's disease (JD).
Neonatal calves and calves less than six months of age are most susceptible to MAP infection, the causative agent of JD [15, 16] , in part, due to their underdeveloped immune system [17] . MAP invades and subsequently damages the small intestine, causing diarrhea, weight loss and severe dehydration, and also reduces milk production [18] . Clinical signs of JD may take 2 to 5 years to develop [19] , and its long subclinical stage facilitates continuous exposure of non-infected animals within an infected herd. MAP has a thick lipid-rich cell wall containing mycolic acids, which in part contributes to its resilience to chemical and physical degradation [20] [21] [22] . Currently, there is no satisfactory treatment for JD, since antibiotics only help to contain the disease, and vaccines only help to reduce disease incidence but they do not eliminate the disease completely [23] . Presently, the best way to control JD is through good management practices and early detection using different commercial available diagnostic tests [24] , however, these diagnostic tests all have limitations and are costly.
Given these limitations, alternative strategies need to be explored to help reduce calf exposure to MAP and stimulate the host immune system to help combat MAP infection. We hypothesized that yeast and its CWCs may help reduce MAP adhesion to bovine epithelial cells, thereby reducing the risk of JD.
Methods

MAP isolation
The mCherry-labeled MAP used in the present study was developed by Mead [25] using the clinical isolate Gc86 strain previously isolated in the laboratory of Dr. Lucy Mutharia by Melinda Raymond (Department of Molecular and Cellular Biology, University of Guelph).
Preparation of MAP infection stock
Liquid nitrogen frozen mCherry MAP Gc86 was thawed at 37°C and was used to inoculate 5 ml of 7H9 broth (Difco laboratories, Franklin Lakes, NJ, USA) supplemented with 10 % oleic acid-albumin-dextrose-catalase (OADC; Sigma-Aldrich, St. Louis, MO, USA), 0.25 % v/v Tyloxopol (Sigma-Aldrich), 50 μg/ml kanamycin (Allied Laboratories, Wichita, KS, USA) and 2 μg/ml of mycobactin J (Allied Laboratories). The cultures were incubated at 37°C, and once they reached a fluorescent intensity (FI) of 45000, equivalent to OD 600 = 0.8 [25] , 5 ml aliquots were sub-cultured into 100 ml of media in a 250 ml sterile culture flask and incubated at 37°C. When the cultures reached the logarithmic stage of growth (FI = 40000-50000 equivalent to OD 600 = 0.6-0.9), cells were centrifuged at 2000 × g for 30 min. The cells were re-suspended to reach FI = 60000 equivalent to OD 600 = 1.0 using Fig. 1 , then to establish Colony Forming Units (CFU/ml) using Fig. 2 [25] . Quantification of fluorescence was based on the specific emission (587 nm) and excitation wavelengths (610 nm) for mCherry using the Wallac-1420 VICTOR3 Multilabel Counter (Perkin Elmer, Woodbridge, ON, Canada).
Bovine mammary epithelial cell line (MAC-T cells) and culture conditions
The MAC-T cells were cultured according to the reference [26] . MAC-T cells were cultured in T75 tissue culture flasks (Corning, Tewksbury, MA, USA) at 37°C with 5 % CO 2 , containing Dulbecco's Modified Eagle Medium (DMEM; Invitrogen, Burlington, ON, Canada) supplemented with 4.0 mM L-glutamine, 10 % heat inactivated fetal bovine serum (FBS; Invitrogen), 25 mM HEPES buffer (Invitrogen), 0.25 μg/ml amphotericin B (Invitrogen), 1 % Penicillin/Streptomycin (100 unit/ml of Penicillin and 100 μg/ml Streptomycin; Invitrogen), 1 mM Sodium Pyruvate (Invitrogen), and 5 μg/ml insulin-transferrin-selenium (Invitrogen).
Bovine intestinal epithelial cell (BEC) and culture conditions
Bovine ileum was aseptically harvested from a neonatal Holstein calf that was euthanized under the approval of the University of Guelph Animal Care Committee. The ileum (15 cm) was flushed with tap water and placed in ice cold HBSS (Invitrogen) supplemented with 5x100 U/ml [25] Penicillin/Streptomycin (Invitrogen), 2.5 μg/ml Fungizone (Invitrogen), and 25 μg/ml Gentamicin. After the tissue was washed with HBSS several times, the mucosa was scrapped off the underlying epithelium, which was then cut into small pieces, and washed three times in HBSS by centrifugation at 140 × g for 5 min at 4°C to remove mucus. The tissue pellet (6-10 g) was then digested by shaking for 30 min in a 37°C water bath in 30 ml of DMEM containing 150 U/ml collagenase I, 100~150 U/ml Penicillin/Streptomycin, 2.5 μg/ml Gentamicin and 2.5 μg/ml Fungizone. Following this, the epithelium was mechanically dispersed using a 25 ml serological pipette by drawing the digested tissue through it several times. DMEM containing 10 % FBS (approximately 30 ml) was added to stop enzymatic digestion, and the crypts were concentrated by centrifuged at 80 × g for 5 min. To isolate crypts, the cell pellet was diluted with DMEM and enriched 3-5 times by centrifugation over a 2 % D-sorbitol gradient for 5 min at 50 × g. The isolated crypts were washed with DMEM, and then cultured in the cell culture flask using DMEM supplemented with high glucose, 10 % heat inactivated FBS, 2.5 % HEPES buffer, 1 % Fungizone, 1 % Penicillin/ Streptomycin, 1 % sodium pyruvate, 1 % insulin, 1 % nonessential amino acid solution, Gentamicin (25 μg/ml) and epidermal growth factor (30 ng/ml; EGF; Sigma-Aldrich); each crypt consists of 200-300 epithelial cells [27] . BECs were isolated as described by Kaushik et al. [28] , with slight modification. Primary BECs were confirmed by fluorescent microscopy using the monoclonal anticytokeratin antibody pan (mixture) (Sigma-Aldrich), which reacts specifically with a wide variety of epithelial tissues, and the secondary antibody anti-mouse IgG FITC-conjugated antibody (Sigma-Aldrich). The primary BECs were subsequently frozen in cryopreservation media containing 10 % DMSO, 40 % DMEM and 50 % FBS at -80°C for storage.
In preparation for the adhesion assay, frozen BECs were thawed at 37°C and washed with DMEM centrifuged at 300 × g for 6 min. Following this, the pellet was re-suspended with DMEM supplemented with high glucose, 1 % heat inactivated FBS, 2.5 % HEPES buffer, 1 % Fungizone, 1 % Penicillin/Streptomycin, 1 % sodium pyruvate, 1 % insulin, 1 % non-essential amino acid solution, Gentamicin (25 μg/ml) and EGF (30 ng/ml) according to Bridger et al. [29] , and cultured for at least a week to reach confluence.
Assessment of epithelial cell viability
After reaching 80-100 % confluence in flask, epithelial cells were washed with warm phosphate buffered saline (PBS; Sigma-Aldrich), dislodged with TrypLE Express (Invitrogen) for 5 min, and counted with 0.4 % trypan blue (Invitrogen) using a hemocytometer chamber slide. 
Assessment of yeast and CWC adhesive properties using MAP
The MAC-T cells/BECs were seeded into 96-black well flat bottom plates at 50,000 cells per well with cell culture medium that did not contain Fungizone and other antibiotics, and MAC-T cells and BECs were incubated for 17 and 21 h, respectively, at 37°C with 5 % CO 2 . The cells were then exposed to a range of concentrations of yeast derivatives with MAP at a 10:1 (CFU: cell) multiplicity of infection. The cell culture plates were centrifuged at 200 × g for 3 min to ensure interaction between MAP and epithelial cells before incubation at 37°C with 5 % CO 2 for 6 h. Following this, the plate was washed with warm PBS, and the adhesion of MAP was estimated by measuring the fluorescence intensity of mCherry-MAP (excitation 587/ emission 610 nm) using a 1420 Victor2 Multilabel Counter. The adhesion of MAP to epithelial cells was calculated using the formula: Adhesion of mCherry-MAP = the fluorescence value in each well of treatments with MAP infection (A) -the mean value of the fluorescence of all wells of the corresponding control group with same exposure concentration of yeast or yeast CWCs (B).
Statistical analysis
The BEC and MAC-T cell viability were all analyzed separately as randomized complete block designs, in which the three independent trials represented the random blocks in each analysis. There were 6 replicates for each treatment within each block. The model for each of experiment included blocks as a random effect, and yeast derivatives and concentration level plus their interactions as fixed effects. All data were log-transformed prior to analysis in order to stabilize variances. Separate residual variances for each yeast derivative were incorporated in the model. Linear and quadratic orthogonal polynomial contrasts across concentration were used to assess changes in viability using the mixed procedure SAS 9.4 (SAS Institute Inc., 2012).
For the adhesion data, MAP adhesion to BECs or MAC-T cells was analyzed separately as a randomized complete block design with three independent trials representing each block. All data were log-transformed prior to analysis in order to stabilize variances. Concentration-dependent responses were compared between control and treatments by one-way ANOVA using Dunnett's test for statistical significance with the mixed procedure from SAS 9.4 (SAS Institute Inc.).
Graphs were generated using the Graphpad Prism version 4.00 (GraphPad Software, 2003, San Diego California, USA), and all data were presented as least squares means of the log transformed data from the percentage of cell viability and adhesion of MAP. A p-value ≤ 0.05 was considered statistically significant.
Results
Effect of yeast derivatives on the viability of MAC-T cells and BEC
MAC-T cell viability was significantly reduced by CWCs from all strains as indicated by linear contrasts (p < 0.01, Fig. 3a-d) . In contrast, MAC-T cell viability was significantly increased by inactive yeast from strain A (p < 0.01) as indicated by quadratic contrasts, and no cytotoxicity was observed (Fig. 3e) . The autolyzed yeast also reduced MAC-T viability at the highest concentration (16 mg/ml) BEC viability was significantly reduced by CWCs from all strains as indicated by linear contrasts (p < 0.01, Fig. 4a-d) . BEC viability was also significantly increased by inactive yeast from strain A as indicated by quadratic contrasts, and cytotoxicity was not observed for either form of dead yeast from strain A (p < 0.01, Fig. 4e-f ) .
Effect of yeast derivatives on MAP binding to MAC-T cell and BEC
CWCs from the four yeast strains concentrationdependently reduced MAP binding to MAC-T cells under cultured conditions for 6 h. There was significant reduction in the number of MAP adherent to MAC-T cells after 6-h exposure to CWCs from strain A and C at 0.5-8 mg/ml (p < 0.05, Fig. 5a and 5c). A significant reduction of MAP adhesion was also seen when MAC-T cells were cultured with all concentrations of CWCs from strain B and D (p < 0.05, Fig. 5b and 5d) . Similarly, the number of MAP adhering to MAC-T cells appeared to decrease as the concentration of both forms of dead yeast from strain A increased; the significant reduction can be seen from concentrations 2 mg/ml and higher for both inactive and autolyzed yeast (p < 0.05, Fig. 5e-f) .
CWCs from strain A and D also concentrationdependently reduced MAP binding to BECs during the 6-h exposure period. A significant reduction in MAP binding was observed from strain A at concentrations 1-8 mg/ml, and from strain D at concentrations 0.5-1 mg/ml (p < 0.05, Fig. 6a and 6d) . However, there was no significant difference in MAP binding in response to CWCs from strain B and C (Fig. 6b and 6c) . Additionally, a concentration-dependent reduction of MAP binding to BECs was observed with both inactive and autolyzed yeast from strain A, with significant differences appearing between 2-16 mg/ml (p < 0.05, Fig. 6e-f ) . 
Discussion
In this study, the adherence of MAP to bovine epithelial cells was significantly reduced in cell culture by the addition of yeast S. cerevisiae and its' CWCs. In terms of effectiveness, the two forms of dead yeast from strain A had the most significant impact on preventing MAP adhesion to MAC-T cells and BECs, with maximal binding for the autolyzed and inactive yeast being around 26 and 30 %, respectively. To our knowledge, this is the first investigation of the adhesive properties of S. cerevisiae components against MAP. The MAC-T cells were used in this study because of ease of culture and lack of a suitable bovine small intestinal epithelial cell line, and it is challenging to obtain sufficient numbers of primary intestinal epithelial cells for high through-put in vitro screening of bioactive compounds. One concern with using MAC-T cells is that they may not appropriately model MAP binding to intestinal epithelial cells; however, in this study MAP adhesion appeared similar between MAC-T cells and primary BECs. Additionally, MAP has also previously been detected within mammary gland of sub-clinically infected cows [30] , which suggests that MAP is able to disseminate and invade the mammary epithelium.
Another potential concern with assessing adhesion of yeast and its CWCs to MAP under cell culture conditions is that it may influence epithelial cell viability. The viability of both MAC-T cells and BECs was therefore tested after a 6-h exposure period with the yeast and its CWCs. The results varied with the epithelial cell type and yeast component. MAC-T cell viability for example, appeared to be lower than that of BECs within the same treatment of CWCs from strain A at 16 mg/ml, and the autolyzed yeast from strain A at 16 mg/ml. The decrease of cell viability might be related to changes in intracellular homeostasis and apoptosis-regulated gene expression. Higher concentrations of yeast derivatives for example, may induce cell apoptosis via altering intracellular calcium levels and the ratio of Bax and bcl-2 genes, as was demonstrated in human breast cancer cells exposed to heat-killed S. cerevisiae [31] . Bax and bcl-2 are two discrete members of a gene family involved in the regulation of cellular apoptosis; Bax protein is known as an apoptosis-promoting factor, whereas bcl-2 protein as an apoptosis-suppressing factor [32] [33] [34] . Future studies will explore whether or not yeast components from this study induced epithelial cell apoptosis.
It was interesting to note that not all of the yeast components assessed in this study reduced the cell viability. Inactive yeast for example, actually increased the viability of both MAC-T cells and BECs in a quadratic manner. It is possible that inactive yeast stimulated cell proliferation during the 6-h exposure period. Increased cell proliferation was observed with lymphocytes isolated from weaned pigs [35] ; in this study, lymphocytes were stimulated with different concentrations of β-glucans from a variety of sources, and S. cerevisiae β-glucan significantly induced the cell proliferation compared with the negative control.
Another potential concern about the following observations is that the reduction of MAP binding to epithelial cells was partially attributed to a decrease of epithelial cell viability. CWCs from strain B for instance, reduced MAC-T cell viability and MAP binding at the same concentrations (2 and 4 mg/ml); thus, the reduction of MAP binding could have, in part, been attributed to a decrease in the number of viable epithelial cells. However, a reduction in MAP binding to epithelial cells was also observed at lower non-cytotoxic concentration of CWC from strain B and with the two forms of dead yeast from strain A without a decrease of cell viability.
In addition to the observed decrease in MAP binding to epithelial cells in the presence of S. cerevisiae components, reduced MAP infection has also been demonstrated with mice fed the probiotic Lactobacillus animalis [36] . Thus, both studies provide evidence that risk of MAP infection may be reduced in ruminants by probiotic/prebiotic use. Similar observations have also been observed with other enteropathgenic bacteria such as E. coli, Salmonella Typhimurium and Salmonella Typhi when S. cerevisiae was used as an adhesive agent [37] [38] [39] . Although these later studies were carried out in vivo, making comparisons with the present study difficult, these studies and our study suggest that S. cerevisiae may be used, in milk replacer for example, to reduce calf exposure to Gram-negative pathogens and MAP. This hypothesis should be validated in vivo, since increased yeast binding to MAP may not necessarily translate to lower infection load. Ganan et al. [10] for example, demonstrated that while whole yeast, yeast CWC, and the mannose fraction blocked adherence of Campylobacter jejuni to Caco-2 cells by approximately 55, 85 and 55 %, respectively, only the mannose fraction effectively reduced microbial invasion. In the present study, the whole cell lysate (inactive yeast and autolyzed yeast) were much more effective at inhibiting MAP binding to MAC-T and BECs than CWCs, and at higher concentrations (>2 mg/ml), the adherence was reduced by around 10-30 % in the presence of inactive yeast (Figs. 5e and 6e) . Differences in binding efficacy between the Ganan et al. and present study are likely attributed to the different components within the C. jejuni and MAP cell membranes. MAP for example, has a much thicker cell wall than Gram-negative species (C. jejuni), and it is made up of a hydrophobic outer mycolate layer and inner peptidoglycan layer bound together by the polysaccharide, arabinogalactan [40] . In contrast, the cell membrane of Gram-negative species is made up of an outer lipopolysaccharide layer and a thin inner peptidoglycan layer [41] .
The present in vitro binding assay that involved mCherry-MAP and bovine epithelial cells offers a potentially high through-put platform for screening the adhesive properties of probiotics/prebiotics and their bioactive components that may be useful for controlling JD. Another potential concern about this in vitro study, however, is that the yeast components may influence other mucosal cell types such as goblet cells and dendritic cells (DCs) that were not taken into consideration with this cell culture model. For example, in previous in vivo studies, dietary supplementation with MOS derived from S. cerevisiae increased the number of cells secreting acid mucins in posterior gut of sea bass [42] . Increased mucus secretion induced by MOS may help prevent pathogenic bacteria adhesion via the anti-adhesive action of mucins [43] , as well as via the bulk physical properties of mucus that help to clear bacteria [44] . However, a reduction in the number of goblet cells that produce mucus has also been reported in the ileal sections of chicken poults fed 0.02 % S. cerevisiae var boulardii [45] .
Yeast components can also have interactions with DCs. Mannan derived from the S. cerevisiae or Candida albicans cell wall for example, has been reported to induce the maturation of murine DCs in vivo [46] . DC maturation is required for the priming of T helper 1 (Th1) or T helper 2 (Th2) cells, both of which are involved in the adaptive immune response. Sheng et al. [46] also showed that two different types of mannan, oxidized mannan and reduced mannan, differentially stimulated Th1/Th2 cytokine production from murine bone-marrow-derived DCs. Th1 cytokines play a key role during the cell-mediated immune response, which is required to control MAP infection [47] ; whereas, the stimulation of Th2 cytokines that support an antibody-mediated immune response is thought to be insufficient for controlling intracellular pathogens such as MAP [48] . Given the potential limitation of the present binding assay with using mCherry-MAP, in vivo studies are also needed to validate the benefits of promising yeast and yeast CWCs that have been identified through in vitro screening.
In addition to influencing host mucosal cells, yeast probiotics and their CWCs may also influence commensal bacteria and protozoa that reside within ruminant gastrointestinal tract. It was reported that MOS treatment for example, significantly increased the diversity and band number of bacteria in both ileal and colonic fermentum from piglets [49] , which implies that MOS could stabilize the gastrointestinal tract microflora that may act as a protective barrier against MAP infection. Additionally, feeding yeast culture was previously reported to increase the number of protozoa in the rumen [50] , since the yeast culture is used as a protein and energy source by protozoa [51, 52] . Given that two commonly occurring environmental protozoa, Acanthamoeba castellanii and A. polyphaga, have been reported to be the vectors for MAP [53] , it is still remains to be determined if the oral administration of yeast or yeast CWCs will help reduce risk of MAP infection.
Conclusions
The results from the present study demonstrate that the adhesion of MAP to epithelial cells was significantly reduced in vitro by S. cerevisiae and its' CWC in a strain-dependent manner. Since MAP is an intracellular pathogen, this anti-adhesive action could potentially reduce uptake of MAP by epithelial cells. However, since the specific mechanism of reduced MAP adhesion remains to be elucidated, further characterization and investigation is warranted to determine potential mechanisms of action, the stability of the binding between yeast components and MAP, and the efficacy of the tested yeast components in vivo.
